Abstract-Higher magnetic field strength in magnetic resonance imaging (MRI) systems offers higher signal-to-noise ratio, contrast, and spatial resolution in magnetic resonance (MR) images. However, the wavelength in ultrahigh fields (7 T and beyond) becomes shorter than the human body at the Larmor frequency with increasing static magnetic field of the MRI system. At short wavelengths, an interference effect appears, resulting in nonuniformity of the RF magnetic near-field over the subject and MR images may have spatially anomalous contrast. The near-field generated by the transverse electromagnetic RF coil's microstrip line element has a maximum near the center of its length and falls off towards both ends. In this study, a double trapezoidal-shaped microstrip transmission line element is proposed to obtain uniform field distribution by gradual impedance variation. Two multi-channel RF head coils with uniform and trapezoidal shape elements were built and tested with a phantom at 7-T MRI scanner for comparison. The simulation and experimental results show stronger and more uniform near-field with the trapezoidal shape.
RF Head Coil Design With Improved RF Magnetic and clinical purposes. In addition, 7-and 9.4-T (called ultrahigh field) systems are being used for animal and human images for research purposes because they have higher signal-to-noise ratio (SNR), better spatial resolution, and contrast in magnetic resonance (MR) images [1] , [3] , [5] . SNR correlates with linear fashion with the field strength of the main magnet and is roughly twice as great at 3 T as at 1.5 T [7] .
Although the above-mentioned benefits at ultrahigh fields, the use of higher frequencies (approximately 300 MHz for 7 T, 400 MHz for 9.4 T, and 450 MHz for 10.5 T) become problematic. At these higher frequencies, generating RF fields is hampered by decreased penetration in the human body and RF interference appears resulting in spatially anomalous MR images because wavelengths become shorter than anatomic dimensions [8] , [9] . The use of higher frequencies also complicates the design and implementation of RF coils [10] , [11] .
To create a uniform RF magnetic near-field, the microstrip line is modified to have a double trapezoidal conductor shape. An eight-channel double trapezoidal microstrip element RF coil has been built and has been operated in a 7-T MRI scanner. Simulation and experimental results of this RF head coil are compared to the results from a similar eight-channel RF coil with a uniform microstrip element coil, and it is shown that the trapezoidal element coil has improved near-field strength and uniformity of the near-field profile.
II. RF COIL ELEMENTS
An RF coil creates a time-varying RF magnetic near-field at the Larmor frequency in a specific region (e.g., the head, knee, breast, etc.) of the human body. RF coil elements are tuned to resonate at the Larmor frequency and matched to 0018-9480 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. the RF source impedance using capacitive and inductive components. The performance of RF coil significantly impacts the MR image quality. Therefore, various types of RF coils have been proposed including loops, the birdcage coil, and the transverse electromagnetic (TEM) coil.
A. TEM RF Coil Element
The RF coil design has moved from the standard birdcage coils to the pioneering TEM coil, which allows multichannel operation and RF shimming. The TEM coil has transmission line elements, usually microstrip transmission lines (MTLs) with finite dimension ground planes [12] , [13] . Fig. 2 shows a schematic diagram of a single RF coil element of the TEM microstrip line and the contour of the RF magnetic near-field along the length of the microstrip line. The resonant length of the microstrip element is foreshortened from by capacitors and at the ends. The estimated input impedance of this TEM RF microstrip line coil element is given by (1) where is the phase constant, and and are the length and the characteristic impedance of the microstrip line, respectively. is , and is [13] . To meet the resonance condition in a lossless parallel circuit, the denominator should become zero. In the case both capacitances are identical , the capacitance value is (2) . is adjusted to tune the resonance frequency to the Larmor frequency and is adjusted to match the resonator to the source impedance of 50 . and can be estimated from (2) . Matching capacitor is connected in series. The input impedance of the TEM RF coil element is matched to 50 at the Larmor frequency by adjusting both and simultaneously. The distribution of RF magnetic near-fields should be symmetric and uniform in the subject. The transverse RF magnetic near-field, however, is still a maximum around the axial center if the capacitors are equal and falls off towards the ends of the element, as shown in Fig. 3(a) . Fig. 3 (b) and (c) illustrates asymmetric magnetic near-fields due to unbalanced capacitive conditions between the front and and end side . Therefore, the combination of the tuning and matching capacitors and should be balanced with the end capacitor . Fig. 3(d) is the desired RF magnetic near-field with a balanced and improved uniformity. This study aims to obtain this desired magnetic near-field profile.
B. Stepped-Impedance Coil Element
The field distribution along the microstrip line may be altered by shaping the conductor. One method uses stepped or alternating impedances with repeating thick and thin conductor sections, to reduce the inhomogeneous RF magnetic field [14] , [15] . These, however, create bumps in the magnetic RF nearfield [referred to in Fig. 6(c) ].
C. Double Trapezoidal Coil Element
This paper presents a microstrip RF coil element with double trapezoidal conductor shape to create a uniform RF magnetic near-field, as shown in Fig. 4(d) [19] . The remainder of this paper describes the electromagnetic simulations and MR experiments to show the superior performance of the double trapezoidal coil element.
III. ELECTROMAGNETIC MODEL AND SIMULATION
The electromagnetic simulation data (driven modal of the solution type in HFSS by Ansys) was used to evaluate and analyze the proposed trapezoidal shape by comparing the results with other structures shown in Fig. 4(a)-(c) for the 7-T ( MHz) MRI system.
A. Single-Element Models and Simulations
Fig . 5 shows the current densities on the conductor surface of the different element shapes given in Fig. 4(a)-(d) . Fig. 5(a) is a uniform microstrip line and its current density gradually weaken away from the RF input side. Fig. 5(b) and (c) are the stepped-impedance elements that have periodic current density variation. Fig. 5(d) and (e) are the proposed double trapezoidal shapes that have the most uniform current distributions. Fig. 5(e) shows that the narrow version of the trapezoidal shape has a uniform and higher current density. From these results, the trapezoidal RF coil elements may induce most uniform near-field, and the narrow conductor shape may have higher near-field. For electromagnetic models and simulations, has a fixed value of 2.2 pF for Fig. 5(a)-(d) and 3. 3 pF for , dielectric loss tangent , and dielectric thickness cm) is used for a dielectric substrate model. Fig. 6(a) shows a simulation setup installed a phantom model ( and S/m). The frame of the dielectric substrate has a diameter of 25.4 cm and length of 16 cm. Fig. 6(b) to (e) is the simulation results of the RF magnetic ( ) near-field using the uniform coil element in Fig. 5(a) , the stepped-impedance coil element in Fig. 5(b) , and the proposed double trapezoidal coil element in Fig. 5(d) and (e), respectively. The results follow the patterns of the current density on the conductors, as expected. Most uniform and symmetric RF magnetic near-fields are obtained with the double trapezoidal coil elements. Moreover, the narrow version creates higher intensity as well as a uniform profile.
B. Multi-Channel Volume Coil and Model
The eight-channel volume coil is comprised of an array of the MTL elements that are operated as independent coil elements. Eight channels are placed with individual elements symmetrically and the diameter of the TEM RF head coil is 25.4 cm. Capacitance at the end from the feed points is fixed at 2.2 pF, and matching and tuning capacitances and are 4.65 and 8.2 pF, respectively. The phantom model is loaded and tuning/matching capacitors have been readjusted to tune and match the impedance to 50 . Each element is resonated for the Larmor frequency ( T MHz) driven with 45 phase difference. The final capacitance ranges are from 4.45 to 4.65 pF for the matching capacitor and from 7.2 to 8.85 pF for the tuning capacitor . Fig. 7 (b) and (d) is plane across-section slices ( -plane) at the center with an array of trapezoidal and uniform RF coil elements. The near-field inside the phantom in Fig. 7(b) has improved the penetration depth and homogeneity with the double trapezoidal element.
IV. EXPERIMENTAL METHOD AND RESULTS

A. Experimental Methods
Two eight-channel RF head coils have been built with the conductor shapes of Fig. 4(a) , a uniform microstrip element, and Fig. 4(d) , a double trapezoidal microstrip element, as shown in Fig. 8 . Each element comprises of a low-loss Teflon substrate with height and length of 1.9 and 16 cm, respectively. To build the trapezoidal shapes, the maximum width of the copper taped conductor is 1.9 cm and is cut down to the minimum width of 0.9 cm at the far side and 1.3 cm at the RF input side. Each element is individually matched to the 50-coaxial cable and tuned to 297.2 MHz for the operation of 7-T MRI. To improve the isolation between adjacent elements, wide strips of copper tape are placed over the finite ground planes to create capacitances. For tuning and matching capacitors, NMA10 (1 10 pF, 1000 V) by Voltronics, Salisbury, MD, USA, are used. A C-type capacitor (4.4 pF, 2500 V) by ATC, Huntington, NY, USA, is used for the terminated end capacitor . Experiments have been performed with a cylindrical 8-L phantom filled with a sucrose/saline solution ( and S/m) consisting of sucrose (47.6%), distilled water (51.1%), and salt (1.3%). The phantom is designed to represent the electrical properties of the human head and has roughly the same dimension as a human head. The phantom is positioned at the same location for each experiment. Each of the eight RF outputs is wired to custom-built transmit/receive switches allowing for both transmitting and receiving operations. The final reconstruction images from each receiving element are combined as the root of the sum of squares. The transmitted RF magnetic field mapping and the received RF field shimming calculations are performed in MATLAB software. In the phantom experiments, incremental geometric phase sets are used for mapping and the neighboring elements drive phases are incremented by 45° [20] . Fig. 6(b) and (d) . Compared to the result of the uniform conductor shape in Fig. 10(a) , the double trapezoidal shape has more uniform field distribution with higher signal penetration depth in Fig. 10(b) . Table I shows the sampled values in Fig. 10(a) and (b) . The calculated improvements have the range of 7% to 61% and average 29.3%. Fig. 10(c) shows the subtraction result from (b) to (a) and the improvement as a percentage is shown in Fig. 10(d) . The proposed double trapezoidal coil element increases about 35% at the region of interest (ROI) 1 and 25% at the ROI 3, as well as about 13% at the ROI 2 in Fig. 10(c) . Better results are expected if the narrow version in Fig. 5(e) is utilized. Fig. 11 shows a different plane ( -plane) view focusing on the effect at the center and end region along the microstrip line of the TEM RF coil element. The average improvement by the sampled points is 20.6% at the center region when comparing (a) with (b) and 36.4% at the end region when comparing (c) with (d). Fig. 12 shows map slices inside a phantom along -plane to check and compare the performance of the eight-channel RF head coils using the double trapezoidal and the uniform conductor shapes. By comparing the data inside the ROI circle, the center and end region slice, Fig. 12(a) and (b), of the RF coil with the trapezoidal elements obtain stronger intensity of 4.9% and 10.8% than Fig. 12(c) and (d) of the RF coil with the uniform elements. Although a multi-channel RF coil has complicated coupling and interference with adjacent coil elements, this eight-channel's result shows higher fields are obtained with the proposed trapezoidal shape and confirms the theoretical expectation, EM simulation results, and the experimental results with a single element.
B. Experimental Results
V. CONCLUSION
A TEM RF head coil with double trapezoidal microstrip shape has been introduced to generate uniform RF magnetic field along the length of the RF coil. By the results of simulations and experiments, the proposed RF head coil compensates the field deterioration at the ends and demonstrates improved RF magnetic near-field uniformity as well as higher intensity. This technique can be a strong candidate for local RF shimming and provide high-quality MR images.
